Recent studies have shown that even a low-intensity resistance exercise training can increase muscular size and strength when combined with moderate blood flow restriction (BFR) into exercised muscle (20, 41) . An application of this type of exercise is limited to upper-or lower-limb muscles, because the restriction of blood flow is typically given by elastic belts compressing proximal portions of the upper arms or thighs. Several studies have shown that low-intensity resistance exercise with BFR is effective for lower-limb muscles (1, 14, 19, 31, 35, 37, 39) . On the other hand, few studies have investigated the effect of upper-limb resistance exercise with BFR (5, 23, 38) , reporting conflicting results. Takarada and colleagues (38) showed that increases in size and strength of elbow flexor muscles were significantly larger after a 16-wk resistance training with BFR than without, whereas Burgomaster and colleagues (5) found no effect of BFR on elbow flexion strength after an 8-wk resistance training. Although this 8-wk training period might not be long enough to detect the significant effect of BFR, the knee-extensor exercise with BFR resulted in larger increases in size and strength than that without BFR even after an 8-wk resistance training (37) . Therefore, time course and extent of adaptations to resistance exercise with BFR would be different between upper-and lower-limb muscles.
It has been considered that an acute increase in serum concentration of growth hormone (GH), one of the most anabolic hormones, plays an important role in muscle hypertrophy induced by resistance exercise (7, 41) . The magnitude of GH secretion after a single bout of resistance exercise is a complex function of exercise intensity, volume, work/rest ratio, and amount of muscle mass recruited (9, 13) . In addition, resistance exercise with low load (≤50% of 1 RM), which alone cannot induce any GH secretion, has been shown to increase serum concentration of GH when combined with BFR (8, 36, 39) . Considering the difference in muscle mass recruited during upper-and lower-limb resistance exercises, we hypothesized that acute GH response to resistance exercise with BFR would be greater in lower-limb muscles than in upper-limb muscles, which could cumulatively affect the extent of muscle adaptations to a long-term training period.
Thus the primary purpose of the present study was to compare GH responses to lowintensity resistance exercise with BFR for upper-and lower-limb muscles. In addition, we measured testosterone, noradrenaline, cortisol and insulin-like growth factor-I (IGF-I), because it is well recognized that these hormones also play important roles in muscle metabolism (7, 13) .
Methods

Subjects
Nine healthy men with resistance training experience volunteered to participate in the present study. Their mean age, height, and body mass were 26.3 ± 3.1 yr, 175.4 ± 5.3 cm and 79.4 ± 14.5 kg, respectively. All subjects were fully informed about the experimental procedures and the purpose of the study, and gave their written informed consent prior to participation. This study was approved by the Ethics Committee for Human Experiments, Graduate School of Arts and Sciences, The University of Tokyo.
Experimental procedure
Subjects participated in three experimental sessions separated by one week. The first session was a preliminary session to determine one-repetition maximum (1RM) of each exercise. In the second and third sessions, the subjects engaged in either upper-limb (UL) or lower-limb (LL) exercise program, the order of which was counterbalanced across subjects. The second and third sessions were conducted at the same time of day to minimize the effect of diurnal variations in serum hormone concentration (2) . The subjects were instructed to refrain from alcohol and caffeine for 24 h, and any strenuous exercise for 48 h before the sessions.
Exercise protocol
The UL consisted of biceps curl and triceps press down, whereas the LL consisted of leg extension and leg curl. The load of 30% of 1RM was used in each exercise, in which the first set of 30 repetitions was followed by the second and third sets to failure. The subjects were instructed to maintain a cadence of a 1-s concentric phase and a 1-s eccentric phase. A rest period of 30 s was allowed between sets. Immediately before the exercise, the proximal portions of their upper arms (UL) or thighs (LL) were compressed by specially designed elastic belts (width of 3 cm and length of 45 cm for upper arms; width of 4 cm and length of 175 cm for thighs). The compression pressure was set at 130 mmHg for upper arms, and 200 mmHg for thighs, according to previous studies (37, 38) . The compression was kept throughout the exercise program including the rest periods between sets.
Blood sampling and analysis
Following an overnight fast, the subjects came to the laboratory in the morning and rested for 30 min before the pre-exercise blood collection. While the subjects rested in a seated position, venous blood samples (15 ml for each sampling) were taken from the antecubital vein, and collected in ethylenediaminetetraacetic acid (EDTA) tubes as well as serum separator tubes. Blood lactate concentration was measured from whole blood sample using a lactate analyzer (Lactate Pro, Arkray Inc., Kyoto, Japan). The exercise program started 10 min after the initial blood sampling. Immediately after the completion of exercise program, the compression was released so that the blood samples were obtained at 0, 15, and 30 min after the program. Blood samples were centrifuged (4°C, 3,000 rpm) for 10 min to isolate plasma (EDTA tubes) or serum (serum separator tubes). Removed plasma and serum were stored at -20°C until analysis.
Blood samples were analyzed for lactate, noradrenaline, GH, testosterone, cortisol, and IGF-I. Plasma concentration of noradrenaline was measured by high-performance liquid chromatography using an automated catecholamine analyzer (HLC-725CAII, Tosoh Corporation, Tokyo, Japan). The assay has inter-and intra-assay coefficients of variation (CV) of 0.3-1.9% and 5.3-7.4%, respectively. Serum concentration of GH was measured by immunoradiometric assay (GH kit Daiichi, TFB Inc., Tokyo, Japan). The assay has inter-and intra-assay CV of 4.2-7.0% and 4.3-4.5%, respectively. Serum concentration of testosterone was measured by chemiluminescent immunoassay (ARCHITECT Testosterone, Abbott Japan Co., Ltd., Tokyo, Japan). The assay has inter-and intra-assay CV of 1.9-4.5% and 3.1-8.0%, respectively. Serum concentration of cortisol was measured by radioimmunoassay (cortisol kit TFB, TFB Inc., Tokyo, Japan). The assay has inter-and intra-assay CV of 3.9-5.5% and 3.3-5.3%, respectively. Serum concentration of IGF-I was measured by immunoradiometric assay (somatomedin-C-II Bayer, Siemens Medical Solutions Inc., Tokyo, Japan). The assay has inter-and intra-assay CV of 2.2-10.0% and 5.2-7.0%, respectively.
Statistical analysis
Descriptive data are expressed as means ± SD. The total numbers of repetitions of the UL and LL were compared using a Student's paired t-test. The hormonal data were analyzed with a two-factor (program × time) repeated-measures ANOVA followed by a Bonferroni post hoc test. The area under the curve (AUC) of hormone concentrations were calculated by trapezoidal method and compared using a Student's paired t-test. P < 0.05 was considered significant. Table I shows the number of repetitions in each set of exercises. As expected, there was no significant difference (p = 0.41) in total number of repetitions between the UL (125.3 ± 30.0 repetitions) and LL (144.4 ± 53.9 repetitions).
Results
Resistance exercise with blood flow restriction showed that a significant difference between the UL and LL was observed only in the serum GH concentration (p = 0.025), indicating that the LL induced greater GH response than did the UL (Fig. 1C, inset) .
For serum cortisol concentration, there was a significant program × time interaction (p = 0.018), as well as a significant main effect of time (p < 0.01). Serum cortisol concentrations measured at 0 and 15 min in the UL, and those measured at 0, 15 and 30 min in the LL were significantly higher than pre-exercise concentrations. However, no significant difference was observed between the UL and LL.
Discussion
The primary finding of this study was that the AUC of serum GH concentration following exercise was significantly larger in the LL than in the UL, indicating that the LL induced greater GH response than did the UL. Although a muscle-hypertrophy promoting effect of GH is controversial (28) , it has been reported that acute changes in serum concentration of GH after a single exercise session are positively correlated with the extent of muscle hypertrophy after a period of exercise training (21) . Therefore, the attenuated GH secretion following the UL can at least partially explain the inconsistent effect of long-term resistance training with BFR for upper-limb muscles (5, 38). 
Exercise-induced production and local accumulation of metabolites, such as lactate and proton, have been considered important for endocrine activation, because they can stimulate hypothalamic-pituitary axis through metaboreflex mediated by intramuscular metaboreceptors and group III and group IV afferent fibers (13). In fact, previous studies showed that the serum concentrations of GH (11), noradrenaline (6), and cortisol (12) after exercise had a positive correlation with the blood lactate concentration. However, the present study demonstrated that the amount of increase in serum GH concentration was significantly larger after the LL than after the UL, whereas those of lactate and noradrenaline did not show significant differences between the UL and LL, though there was a trend for a greater increase in blood lactate after the LL.
Although the same relative load (30% 1RM) was used, the absolute load imposed on the exercised muscle was considerably different between the UL and LL exercises. Thus the absolute exercise volume (absolute load × repetitions) was significantly larger in the LL (4987 ± 1570 kgw × repetitions) than in the UL (1877 ± 887 kgw × repetitions; P < 0.01). It is likely that the larger volume in the LL would be more strenuous to the whole body, and responsible for the larger GH response. In addition, the differences in absolute exercise intensity and volume should be related to the difference in the number of muscle fibers recruited during exercise, provided the force-generating potential of each fiber is similar between upper-and lower-limb muscles. It has been reported that the number of group III and group IV afferent fibers is about twofold of that of motor nerve fibers in cat hindlimb muscle (22, 32) . Although no data are available for human muscles, it can be assumed that the number of these afferent fibers is proportional to that of muscle fibers. Therefore, the recruitment of larger muscle with the larger number of muscle fibers may induce a greater GH response to exercise, because of the larger number of afferent nerve fibers activated.
In addition, the larger GH response in the LL might be due to a larger mechanoreflex response induced by larger compression pressure for the LL than for the UL (200 mmHg vs. 130 mmHg). It has been reported that not only a metabolic stress but also a mechanical stress stimulates hypothalamic-pituitary axis through group III and IV fibers (15) . Although previous studies have reported that BFR alone does not increase GH concentration (27, 39) , we cannot exclude the possibility of mechanoreflex contribution to GH secretion, because the sensitivity of mechanoreceptive afferent fibers increases with an accumulation of metabolites (4) .
Contrary to the present study, Sato and colleagues (29) reported a similar GH response between upper-and lower-limb resistance exercises with BFR, in which the number of repetitions was predetermined. In the present study, on the other hand, the subjects performed the exercises until failure except for the first set (30 repetitions). Therefore, the difference in the level of fatigue may explain the conflicting results on the GH response. In fact, Pierce and colleagues (24) reported a significant correlation between muscle force decrements (an index of fatigue) and serum GH concentration after the exercise with BFR. Furthermore, a relatively small number of subjects (n = 5) in the previous study (29) may result in the lack of statistical significance, because of large inter-and intra-individual variabilities in GH response to exercise (33, 34) .
The UL and LL caused a similar increase in serum testosterone concentration immediately after the exercise. Although previous studies have indicated that the moderateto high-intensity (> 70% 1RM) resistance exercise causes an increase in total testosterone concentration (25, 26) , this study demonstrated that even a low-intensity resistance exercise with BFR could cause an increase in serum testosterone concentration. This result is in line with a recent study (10) reporting a significant increase in free testosterone concentration after a low-intensity, slow-speed resistance exercise, in which the mechanical and metabolic conditions within the exercised muscle would be similar to those in the exercise with BFR (40) . The testosterone secretion observed in this study would be related to the increases in lactate and catecholamine concentrations. Previous studies have demonstrated that lactate increases cAMP production (18) and stimulates testosterone secretion from Leydig cells (17) in rat testis, while catecholamine stimulates testosterone production from Leydig cells via beta2-adrenergic receptors in mouse testis (3). However, it should be noted that plasma volume reduction after exercise is also considered to cause an increase in serum testosterone concentration (13) . In fact, it has previously been reported that plasma volume was significantly reduced after both upper-and lower-limb exercises with BFR (29) .
The acute IGF-I response to resistance exercise remains conflicting. Takano and colleagues (36) reported a significant increase in serum IGF-I concentration after a lowintensity resistance exercise with BFR, whereas Fujita and colleagues (8) did not. In the present study, post-exercise concentration of serum IGF-I was significantly higher than preexercise concentration. Although circulating GH has been shown to stimulate IGF-I secretion from the liver (30) , it is unlikely that the acute increase in IGF-I concentration is due to the GH secretion after exercise, because of time delay between the IGF-I synthesis and the IGF-I secretion (16) . As with the increase in serum testosterone concentration, the increase in IGF-I concentration observed in this study would be attributed to plasma volume reduction after the exercise with BFR (29) .
In conclusion, the present study showed that UL and LL exercise programs, each of which was comprised of two low-intensity resistance exercises with BFR, caused similar increases in lactate, noradrenaline, testosterone, and IGF-I concentrations, whereas the LL caused a significantly larger increase in GH concentration than did the UL. The greater GH secretion following the LL may be more advantageous for muscle hypertrophy induced by a long-term training period.
